The nocardioform actinomycete Rhodococcus erythropolis has a characteristic cell wall structure. The cell wall is composed of arabinogalactan and mycolic acid and is highly resistant to the cell wall-lytic activity of lysozyme (muramidase). In order to improve the isolation of recombinant proteins from R. erythropolis host cells (N. Nakashima and T. Tamura, Biotechnol. Bioeng. 86:136-148, 2004), we isolated two mutants, L-65 and L-88, which are susceptible to lysozyme treatment. The lysozyme sensitivity of the mutants was complemented by expression of Corynebacterium glutamicum ltsA, which codes for an enzyme with glutamine amidotransferase activity that results from coupling of two reactions (a glutaminase activity and a synthetase activity). The lysozyme sensitivity of the mutants was also complemented by ltsA homologues from Bacillus subtilis and Mycobacterium tuberculosis, but the homologues from Streptomyces coelicolor and Escherichia coli did not complement the sensitivity. This result suggests that only certain LtsA homologues can confer lysozyme resistance. Wild-type recombinant LtsA from R. erythropolis showed glutaminase activity, but the LtsA enzymes from the L-88 and L-65 mutants displayed drastically reduced activity. Interestingly, an ltsA disruptant mutant, which expressed the mutated LtsA, changed from lysozyme sensitive to lysozyme resistant when NH 4 Cl was added into the culture media. The glutaminase activity of the LtsA mutants inactivated by site-directed mutagenesis was also restored by addition of NH 4 Cl, indicating that NH 3 can be used as an amide donor molecule. Taken together, these results suggest that LtsA is critically involved in mediating lysozyme resistance in R. erythropolis cells.
The genera Rhodococcus, Corynebacterium, and Mycobacterium are members of the mycolic acid-containing actinomycetes (4, 7) . One of their characteristic features is a cell wall structure that consists of mycolic acid, arabinogalactan, and peptidoglycan (2) . The genus Mycobacterium is one of the most studied genera because it includes several clinically important pathogens, such as Mycobacterium tuberculosis and Mycobacterium leprae. Mycobacteria are resistant to not only hydrophobic molecules but also hydrophilic molecules, mainly because of the presence of mycolic acid in their cell walls (2, 6) . Although the carbon chain length of mycolic acid in rhodococci is rather short compared with that of mycobacteria, the cell wall components of rhodococci are similar to those of mycobacteria (2, 4) . Lysozyme (muramidase) is an enzyme that cleaves at the ␤-1,4-linkage between N-acetylglucosamine and N-acetylmuramic acid in the peptidoglycan, which forms the huge polymeric scaffold of the cell wall of gram-positive bacteria. Grampositive bacteria are generally sensitive to lysozyme because the peptidoglycan directly faces the outer environment. On the other hand, in the case of gram-negative bacteria, the outer membrane of the cell wall, mainly composed of lipopolysaccharide, acts as a barrier to cell wall-lytic enzymes (14) . Notably, M. tuberculosis is resistant to lysozyme, most likely because of steric hindrance caused by the massive attachment of mycolyl-arabinogalactan complexes (1, 11) .
Hirasawa and coworkers (10) demonstrated that a mutation in the ltsA gene of Corynebacterium glutamicum (ltsA Cg ) causes a lysozyme-sensitive phenotype. Although the amino acid sequences of LtsA Cg (the product of ltsA Cg ) and Escherichia coli asparagine synthetase (AS-B Ec , the product of asnB Ec ) are similar, LtsA does not display asparagine synthetase activity (10) , and its function remains to be elucidated.
We developed a recombinant protein expression system using Rhodococcus erythropolis as the host. This system can express proteins over a wide temperature range (4 to 35°C) and can successfully produce proteins that cannot be expressed in E. coli cells (26, 27) . We isolated lysozyme-sensitive mutants in order to simplify the method of extracting proteins because the cell wall is too rigid to be disrupted easily. The lysozyme susceptibility was caused by mutations in the R. erythropolis homologue of ltsA.
AS-B functions as an asparagine synthetase and produces asparagine from aspartic acid by using glutamine as an amide donor (31) . AS-B belongs to the huge glutamine amidotransferase family, whose members catalyze amide nitrogen transfer from glutamine to acceptor substrate molecules in different biosynthetic pathways (36, 37 ). An X-ray crystallographic analysis of AS-B showed that it comprises two domains, each har-boring an active site (17, 23) . The N-terminal domain, referred to as the glutaminase domain, hydrolyzes glutamine to glutamic acid and ammonia, and the C-terminal domain, the synthetase domain, catalyzes the adenylation of aspartic acid and the subsequent amidation of this reaction intermediate to produce asparagine (36, 37) . These two active sites are connected by a molecular tunnel through which the ammonia molecules pass from the N-terminal active site to the C-terminal active site (17) . In the glutamine amidotransferase family, molecular tunnels between two or more active sites are commonly observed (12, 22) , as described previously for GMP synthetase (33) , glutamine phosphoribosylpyrophosphate amidotransferase (15, 16) , and carbamyl phosphate synthetase (34) . Most glutamine amidotransferases can utilize NH 3 (supplied as NH 4 Cl) as an amide donor in place of glutamine both in vivo and in vitro (36) .
Here, we report the isolation of R. erythropolis lysozymesensitive mutants and the identification of the gene responsible for the phenotype, a homologue of ltsA Cg . We also show that the ltsA homologues from M. tuberculosis (ltsA Mt ) and Bacillus subtilis (ltsA Bs ) could complement the lysozyme-sensitive phenotype, but ltsA from Streptomyces coelicolor (ltsA Sc ) and asnB from E. coli (asnB Ec ) could not. Furthermore, we characterized the enzymatic function of LtsA as a glutamine amidotransferase and detected glutaminase activity in vitro and synthetase activity with the substrate NH 4 Cl in vivo.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. R. erythropolis JCM3201 and E. coli S17-1 were purchased from the Japan Collection of Microorganisms and the American Type Culture Collection, respectively. The vector pHN144 was used as the E. coli-R. erythropolis shuttle vector (26) . In this work, recombinant proteins were produced by using R. erythropolis as the host and pTip as the expression vector (26) . Plasmid pK18mobsacB was purchased from the American Type Culture Collection. R. erythropolis JCM3201, L-65, and L-88 were cultured at 30°C in Luria-Bertani (LB) medium (1% Bacto tryptone [Difco], 0.5% yeast extract, 1% NaCl). The medium was solidified with 1.5% agar. Antibiotics were used at the following concentrations: kanamycin, 200 g ml Ϫ1 ; and tetracycline, 8 and 20 g ml Ϫ1 in liquid and solid media, respectively. UV mutagenesis of R. erythropolis. R. erythropolis cells were grown to the late-exponential phase, and serial dilutions of cells were spread on LB medium plates and irradiated for 20 s with UV light (254 nm). The UV irradiation killed 90% of the cells. After 2 days of incubation at 30°C, individual colonies were inoculated into two 96-well plates containing LB medium with or without lysozyme (50 g ml Ϫ1 ; from chicken egg white; Sigma). Cells which could not grow in the presence of lysozyme were analyzed further. Lysozyme sensitivity was confirmed by spotting organisms on LB medium plates containing 50 g of lysozyme ml Ϫ1 , as shown in Fig. 1 . Isolation of the ltsA gene and complementation tests. ltsA and homologous genes from C. glutamicum and members of related genera were aligned, and degenerate primers matching highly conserved regions were designed. Degenerate PCR was performed by using The amplified fragment was isolated and subjected to sequence analysis. On the basis of the sequence obtained by degenerate PCR, inverse PCR was carried out to obtain a full-length open reading frame (ORF) by using templates of circularized chromosomal DNA after they were digested with either BamHI or BssHII. After the amplified DNA fragments were sequenced, an approximately 2.5-kbp DNA fragment containing the ltsA ORF was amplified from the R. erythropolis chromosome with primers Re-44 (5Ј-GGATCCGACCTTGCGCCACGTTCACGC CTTC-3Ј) and Re-45 (5Ј-GCGCGCCGCACAGCTGGGATCTTTGGTCGC-3Ј). Next, this DNA fragment was cloned into pHN144 to obtain pHN144-ltsA. Complementation of the phenotype of the R. erythropolis L-65 and L-88 mutants was achieved by transformation with pHN144-ltsA.
Cloning of ltsA homologues. The sequences of homologues of the ltsA gene were obtained from the DDBJ/EMBL/GenBank database. The accession numbers for the C. glutamicum, M. tuberculosis, B. subtilis, S. coelicolor, and E. coli sequences were AB029550, BX842579, AF008220, AL939105, and J05554, respectively. Each ORF was PCR amplified by using chromosomal DNA as the template and was cloned into the pTip expression vector (26) . Chromosomal DNAs from M. tuberculosis and B. subtilis were kindly provided by N. Ohara (Nagasaki University) and K. Kobayashi (Nara Institute of Science and Technology), respectively. The vectors were designated pTip-ltsA Cg , pTip-ltsA Mt , pTip-ltsA Bs , pTip-ltsA Sc , and pTip-asnB Ec , respectively.
Site-directed mutagenesis. To construct the pTip-ltsA C2A plasmid, the ltsA ORF was amplified with primers Re-90 (5Ј-AAGGCATATGGCCGGACTGC TCGGGCTACTGACATCTG-3Ј) and Re-54 and subcloned into the pTip vector as described below for pTip-ltsA WT . pTip-ltsA C2S was constructed with primers Re-91 (5Ј-AAGGCATATGTCCGGACTGCTCGGGCTACTGACATCTG-3Ј) and Re-54. To construct pTip-ltsA D278N , overlap PCRs were performed. The first PCR was carried out by using pTip-ltsA WT as the template and primers Re-52 and Re-93 (5Ј-ATCGCCGTGGAGTTGATACCACCGG-3Ј) and primers Re-92 (5Ј-CCGGTGGTATCAACTCCACGGCGAT-3Ј) and Re-54 (mutated nucleotides are underlined). Then the second PCR was performed by using a mixture of the first PCR product as the template and primers Re-52 and Re-54, and the product was cloned into the pTip vector. pTip-ltsA D376N , pTip-ltsA K494A , and pTip-ltsA K494R were constructed by using the following primers for the first PCR. The mutation primers were primers Re-94 (5Ј-GCGAGGGTGCCAACG AGCTGTTCGG-3Ј) and Re-95 (5Ј-CCGAACAGCTCAACGGCACCCTCGC-3Ј) for pTip-ltsA D376N , primers Re-98 (5Ј-GACATCCTCGTCGCCGCCGACA AGATG-3Ј) and Re-99 (5Ј-CATCTTGTCGGCGGCGACGAGGATGTC-3Ј) for pTip-ltsA K494A , and primers Re-96 (5Ј-GACATCCTCGTCCGCGCCGAC AAGATG-3Ј) and Re-97 (5Ј-CATCTTGTCGGCGCGGACGAGGATGTC-3Ј) FIG. 1. R. erythropolis mutants L-65 and L-88 are susceptible to lysozyme. Growth curves for wild-type (WT) and mutant strains were plotted after the OD 600 was determined. Lysozyme (12.5 g ml for pTip-ltsA K494R (mutated nucleotides are underlined). Every mutation was confirmed by sequencing of the plasmids. Conjugative plasmid transfer from E. coli S17-1 to R. erythropolis. Conjugation was performed as previously described (32) , with some modifications. The cells of E. coli S17-1 and R. erythropolis were grown separately in liquid cultures to the log phase, and 100 l of the E. coli culture was mixed with 500 l of the R. erthropolis culture. Two hundred microliters of the mating mixture was spread onto a nitrocellulose filter on an LB agar plate. After 20 h of incubation at 30°C, the cells were washed from the filter with 2 ml of LB medium, and 200-l aliquots were spread onto LB agar plates supplemented with kanamycin (200 g ml Ϫ1 )
and nalidixic acid (25 g ml Ϫ1 ). R. erythropolis transconjugants appeared after 4
days of incubation at 30°C. Production of recombinant protein and antibody. To construct the LtsA expression vectors pTip-ltsA WT , pTip-ltsA L65 , and pTip-ltsA L88 , ltsA ORFs were PCR amplified by using chromosomal DNA of R. erythropolis JCM3201, the L-65 mutant, or the L-88 mutant as the template along with primers Re-52 (5Ј-GGA ATTCCATATGTGTGGACTGCTCGGGCTACTGACAT-3Ј) and Re-54 (5Ј-C CCAAGCTTGATGTTGACCGGGTACACCGGTTCCTG-3Ј). The amplified DNA fragments were digested with NdeI and HindIII and introduced into the pTip vector, which had been digested with the same enzymes. The resulting plasmids coded for full-length LtsA plus six additional residues (KLRSRG) and a C-terminal six-His tag. The expression vectors were transformed into R. erythropolis by electroporation as previously described (26) . To produce LtsA proteins, a 10-ml preculture of cells carrying an expression vector was inoculated into 100 ml of LB medium supplemented with 1 g of thiostrepton ml
Ϫ1 . After 14 h of incubation at 30°C, cells were harvested and resuspended in buffer (50 mM sodium phosphate [pH 8.0], 300 mM NaCl). Lysozyme was added to a final concentration of 2 mg ml Ϫ1 , and the cells were incubated on ice for 1 h.
Subsequently, they were disrupted by sonication for 15 min, followed by centrifugation (4°C, 20,000 ϫ g, 15 min). The recombinant proteins were isolated by using Ni-nitrilotriacetic acid Superflow (QIAGEN) according to the manufacturer's instructions. His-tagged LtsA was Ͼ95% pure as judged by using Coomassie blue-stained gels. The eluate was dialyzed against buffer (50 mM Tris-HCl [pH 7.5], 10% glycerol). The dialyzed recombinant protein was immediately used for the assay because this protein was extremely labile, similar to AS-B Ec (13) . To generate anti-LtsA antibody, isolated His-tagged LtsA was used to immunize a rabbit. Preparation of cell wall extracts. The L-65 mutant of R. erythropolis was grown to the mid-log to late log phase in LB medium supplemented with 1 mg of isoniazid ml Ϫ1 . The culture was cooled in an ice bath, and cells were harvested by centrifugation at 4°C. The cells were washed with cold distilled water, resuspended in buffer S (50 mM Tris-HCl, pH 7.5), sonicated in an ice bath for 15 min, and centrifuged at 20,000 ϫ g for 20 min. The pellet was treated with 2% sodium dodecyl sulfate (SDS) in buffer S at 60°C for 2 h. After centrifugation (20,000 ϫ g, 20 min), the pellets were washed three times with buffer S, and this was followed by treatment with 10 mg of lysozyme ml Ϫ1 in buffer S to solubilize muropeptides and then heat denaturation at 60°C for 1 h. After centrifugation (20,000 ϫ g, 20 min), the supernatant was used as the cell wall extract. One hundred microliters of soluble extract was obtained from a 100-ml culture. Glutaminase activity assays. LtsA assays for glutaminase activity were performed at 30°C by using a reaction mixture containing 50 mM Tris-HCl (pH 7.5), 15 mM MgCl 2 , 25 mM KCl, 1 mM glutamine, 0.2 mM dithiothreitol, and 2 mM ATP. Four microliters of cell wall extract was used per 50-l reaction mixture. Aliquots were quenched as previously described (9) . After appropriate dilution of reaction mixtures, the concentration of glutamic acid was determined with an Amplex red glutamic acid/glutamate oxidase assay kit (Molecular Probes).
Transmission electron microscopy. Bacterial pellets were fixed overnight with 2.5% glutaraldehyde and 0.05% ruthenium red in 0.1 M cacodylate buffer (pH 7.4) at 4°C. Cells were washed in the same buffer and postfixed for 3 h in 1% osmium tetroxide containing 0.05% ruthenium red at 4°C. Subsequently, the cells were rinsed with the buffer. Bacteria were suspended for 1 h at room temperature in 2% aqueous uranyl acetate and then washed in distilled water. Suspended cells were embedded in 1.5% agarose before dehydration with a graded ethanol series. The dehydrated blocks were embedded in Spurr resin. Ultrathin sections were cut with an ultramicrotome (Ultracut-N; Leichert-Nissei), mounted on copper grids, and stained with uranyl acetate and lead citrate. Images of sections were obtained by using a transmission electron microscope (75 kV; H-7000; Hitachi, Tokyo, Japan).
Nucleotide sequence accession number. The DNA sequence of R. erythropolis ltsA has been deposited in the DDBJ/EMBL/GenBank database under accession number AB183824.
RESULTS
Screening of lysozyme-sensitive mutants of R. erythropolis and isolation of ltsA. R. erythropolis provides an alternative system for expressing recombinant proteins that are difficult to express in E. coli cells because of their toxicity to cells, because of the production of inclusion bodies, and because of low productivity (26) . On the other hand, it is difficult to disrupt cells not only by physical treatments, such as sonication or beating with glass beads, but also by enzymatic treatments, such as treatment with the cell wall-lytic enzyme lysozyme. In order to purify recombinant proteins from Rhodococcus cells by simple methods, we isolated lysozyme-sensitive mutants.
We performed UV irradiation of R. erythropolis cells as described in Materials and Methods. Two lysozyme-sensitive mutants were isolated from approximately 9,000 irradiated growing colonies, and these mutants were designated L-65 and L-88. Both mutant strains were sensitive to lysozyme and could not grow on LB medium plates containing 12.5 g of lysozyme ml Ϫ1 , while the wild-type strain could grow on plates containing more than 800 g of lysozyme ml Ϫ1 (data not shown). To confirm the susceptibility to lysozyme, we directly added lysozyme (final concentration, 12.5 g ml Ϫ1 ) to the culture media of mutants L-65 and L-88 and measured the absorbance. The cell density (optical density at 600 nm [OD 600 ]) of both cultures drastically decreased after the addition of lysozyme, but no significant change was observed for the wild-type strain culture (Fig. 1A) . The susceptibility of both mutants to antibiotics, such as ampicillin, kanamycin, tetracycline, chloramphenicol, and thiostrepton, was not different from that of wildtype cells (data not shown), suggesting that the cell wall permeability of the mutants was not changed. We produced and isolated several recombinant proteins in the lysozymesensitive mutants and found that the production level was as high as that in wild-type cells. Since the mutant cells were sensitive to lysozyme, cell disruption could be done under mild conditions, avoiding extensive physical treatments, such as sonication. The transformation efficiencies and growth rates of the mutant and wild-type cells were the same (data not shown). These results demonstrate that using the lysozyme-sensitive mutants has no disadvantages but has the unique advantage of mild lysis conditions compared to the conditions for wild-type host cells.
The phenotypic similarities of the R. erythropolis mutants and the C. glutamicum ltsA mutant (10) suggested that the R. erythropolis ltsA gene could complement the L-65 and L-88 mutants. Therefore, we cloned the ltsA locus from the wildtype R. erythropolis chromosome and constructed the self-replicating vector pHN144-ltsA, which contained the cognate promoter. The vector was introduced into L-65 and L-88 by electroporation, and the resultant transformants were found to be lysozyme resistant (data not shown). Sequence analysis of the ltsA genes of both mutants revealed the same transition (TT to TG) that resulted in replacement of Phe-557 with Cys and replacement of Phe-48 with Cys in the L-65 and L-88 mutants, respectively (the first methionine was designated Met-1). To confirm that the disruption of ltsA causes lysozyme sensitivity, an R. erythropolis ltsA disruptant was constructed by using the conjugation method described in Materials and Methods. Chromosomal disruption of the ltsA gene was veri-fied by PCR (data not shown). The ltsA disruptant could not grow on plates containing 12.5 g of lysozyme ml Ϫ1 (Fig. 1B) . These results indicated that ltsA was responsible for the observed lysozyme resistance of R. erythropolis.
Sequence analysis and functional implications of LtsA. To deduce the function of LtsA, we compared the amino acid sequences of various AS-B and LtsA homologues from both gram-positive and gram-negative bacteria (Fig. 2) ; all of the proteins except LtsA of C. glutamicum (LtsA Cg ) and R. erythropolis (LtsA Re ) were annotated as AS-B in the database. The alignment was constructed by using the DIALIGN program (25) . The sequence of the N-terminal region (amino acids 1 to 232, corresponding to amino acids 1 to 195 of AS-B Ec ), which formed the N-terminal domain (17) , was well conserved; Cys-2, which was essential for glutaminase activity (21) , and Arg-50, Asn-79, Glu-81, and Asp-105, which were shown to stabilize glutamine by hydrogen bonding interactions with AS-B Ec (23) , were absolutely conserved ( Fig. 2A) . The presence of these highly conserved functional residues strongly suggested that the LtsA Re N-terminal domain exhibited glutaminase activity. In contrast, the C-terminal region appeared to be rather diverse. The amino acid residues Ser-274, Asp-278, Ser-279, Gly-372, Asp-376, Lys-534, and Lys-554, which were shown to interact with the ATP/Mg 2ϩ complex in the C-terminal active site in order to produce a catalytic intermediate for AS-B Ec (23) , were also conserved (Fig. 2) . Besides these residues, additional conserved regions with unknown functions were identified (amino acids 507 to 512, corresponding to amino acids 401 to 406 of AS-B Ec ). Other regions, including the aspartic acid recognition residues of AS-B Ec (Asp-385 and Arg-388), were not conserved.
To examine whether the genes described above complemented the function of LtsA Re , the homologous genes of ltsA were PCR amplified, and expression vectors were constructed as described in Materials and Methods. The mutant cells transformed with each expression vector showed that LtsA Re homologues from C. glutamicum, M. tuberculosis, and B. subtilis restored cells to lysozyme resistance, but LtsA homologues from S. coelicolor and E. coli did not change the susceptibility to lysozyme (Fig. 3A) . The colonies obtained after transformation were cultured, and protein expression was confirmed by SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblot analysis with anti-LtsA antibodies (Fig. 3B) . We could not clearly demonstrate expression of AS-B Ec due to a low expression level and low cross-reactivity with anti-LtsA antibodies, but production of AS-B Ec was confirmed by SDS-PAGE after isolation by Ni-nitrilotriacetic acid chromatography (data not shown). These results demonstrated that certain homologues of LtsA are functionally conserved and may have functions similar to those of LtsA Re in vivo.
Cell wall structure of mutant cells. The unique cell wall of Rhodococcus functions as a barrier not only to hydrophobic molecules but also to hydrophilic molecules (2) . Although the target substrate of lysozyme is peptidoglycan, which is the innermost layer of the cell wall, mutant cells may have defects in the outer layer of the cell wall, as shown for a Mycobacterium smegmatis mutant which is more susceptible to several antibiotics than wild-type cells (35) . To determine whether the cell wall structure of the R. erythropolis lysozyme-sensitive mutants was different from that of the wild-type strain, both types of cells were analyzed by transmission electron microscopy (TEM). As shown in Fig. 4 , the observed cell wall structures were similar to those of bacteria containing mycolic acids, such as mycobacteria (6, 19, 35) . The cell walls of both the wild-type and mutant strains contained an inner electron-dense layer, followed by an electron-transparent layer that is believed to consist mainly of mycolic acids (6) and an outer layer. Although the outermost layer of the cell wall of the mutants appeared to be comparatively broader and rougher, no severe damage was observed. On the other hand, if the outer layer of the cell wall functions as a barrier to lysozyme, cells with a damaged cell wall should be susceptible to lysozyme. To examine this possibility, we treated wild-type cells with two different inhibitors of cell wall synthesis, isoniazid and ethambutol, at sublethal concentrations (1 mg ml Ϫ1 for isoniazid and 6.25 g ml Ϫ1 for ethambutol) (3, 20) , but this treatment did not change the susceptibility of the cells to lysozyme (data not shown).
Glutaminase activity of LtsA. To determine whether LtsA exhibits glutaminase activity, glutamic acid production was monitored by using recombinant LtsA Re , as described in Materials and Methods. Recombinant wild-type and mutant LtsAs were produced by using the Rhodococcus expression system (26, 27) (Fig. 5A) , whereas the glutaminase activity of the mutant proteins could hardly be detected ( Fig. 5B and C) .
In several cases, glutaminase activity is coupled to synthetase activity, meaning that the synthetase activity of the C-terminal 1 g) were subjected to the glutaminase activity test as described in Materials and Methods. Five microliters of a reaction mixture (initial volume, 50 l) was quenched at 0, 2, and 4 h to estimate the concentration of glutamic acid. Glutaminase activity was monitored in the presence (E) or absence (ᮀ) of cell wall extract. In the case of the wild-type protein, AMP-PNP was tested in the presence of cell wall extract (ϫ). The error bars indicate the standard errors of the means for triplicate determinations. (D) ltsA disruptant cells carrying pTip-ltsA WT , pTip-ltsA L65 , or pTip-ltsA L88 were spotted on an LB medium plate containing 50 g of lysozyme ml Ϫ1 (left plate). Identical amounts of cells were spotted on an LB medium plate containing 50 g of lysozyme ml Ϫ1 and 10 mg of NH 4 Cl ml Ϫ1 (right plate). Serial dilutions of the cultures were spotted on the LB medium plates as described in the legend to Fig. 1 .
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CHARACTERIZATION OF LtsA FROM RHODOCOCCUS 2587 domain recognizes an amide acceptor and forms an intermediate before the glutaminase activity of the N-terminal domain hydrolyzes a glutamine (36) . The glutaminase activity of AS-B Ec is dramatically enhanced when the amide acceptor aspartic acid is present in the reaction mixture (5) . Therefore, we assumed that the glutaminase activity of LtsA is also enhanced when an amide acceptor is present in the reaction mixture. To test this hypothesis, we treated a cell wall extract of the R. erythropolis L-65 mutant with lysozyme in order to generate amide acceptors. Interestingly, the rate of release of glutamic acid from LtsA Re was dramatically enhanced (2.05 M h Ϫ1 ) (Fig. 5A) when the lysozyme-treated cell wall extract was added to the reaction mixture. The glutaminase activity of the wild type of LtsA Re was not enhanced when aspartic acid was included instead of the cell wall extract in the reaction mixture (data not shown). These results strongly suggested that components of the lysozyme-treated cell wall extract serve as amide acceptors and that the glutaminase activity of LtsA is coupled to the synthetase activity. The glutaminase activity of LtsA from the L-65 mutant was slightly enhanced (0 to 0.55 M h Ϫ1 ) when the lysozyme-treated cell wall extract was added (Fig.  5B) . However, no enhancement was observed for LtsA from the L-88 mutant (Fig. 5C ). These data indicated that the reduced activity of the L-65 and L-88 mutant LtsA enzymes resulted in high levels of susceptibility to lysozyme.
In the case of AS-B Ec , ATP and aspartic acid form a catalytic intermediate, and then the NH 3 is transferred to the amide acceptor (17) . To confirm that the activity of LtsA Re is enhanced by ATP hydrolysis, a nonhydrolyzable ATP analog, AMP-PNP [adenosine 5Ј-(␤␥-imido)triphosphate], was used in the reaction instead of ATP. In the presence of AMP-PNP and in the absence of lysozyme-treated cell wall extract, the basal glutaminase activity of LtsA WT was reduced (0.29 M h Ϫ1 ) (data not shown), and no significant enhancement of the glutaminase activity was observed in the presence of cell wall extract (0.32 M h Ϫ1 ) (Fig. 5A ). The NH 3 -dependent synthetase activities of some glutamine amidotransferases have been shown to function in vivo by using NH 4 Cl (18, 28, 29, 38) . To investigate whether LtsA Re could utilize free NH 3 as an amide donor, the lysozyme sensitivity of R. erythropolis ltsA disruptant cells carrying the inducible expression vector pTip-ltsA L65 or pTip-ltsA L88 was examined in the presence and in the absence of NH 4 Cl. Both types of cells expressing the mutant proteins could efficiently grow on a plate containing lysozyme supplemented with NH 4 Cl (Fig.  5D) , although the cells could hardly grow on a plate without NH 4 Cl (Fig. 5D) . Since both mutant proteins were deficient for glutaminase activity, these data suggest that NH 3 is transferred to an amide acceptor, as shown previously for other glutamine amidotransferases. It should be noted that cells carrying the inducible expression vector pTip-ltsA L65 or pTipltsA L88 showed weak lysozyme resistance, as shown in Fig. 5D . This was caused by weak expression of the mutant proteins even without induction, resulting in a level of expression of these proteins that was slightly higher than that in the mutant L-65 and L-88 strains. The leaked LtsA expression made cells rather resistant to lysozyme, and the MICs were 50 g ml Ϫ1 for cells containing pTip-ltsA L65 and 200 g ml Ϫ1 for cells containing pTip-ltsA L88 . We also tested the sensitivity of the cells to lysozyme by a method described above (Fig. 1A) using 12.5 g of lysozyme ml
Ϫ1 . The growth of cells containing the vector pTip-ltsA L65 was affected, and a small reduction in the OD 600 was observed after the addition of lysozyme (data not shown). In cells containing pTip-ltsA L88 , the growth was slightly affected, and the growth rate was reduced after the addition of lysozyme, but no reduction in the OD 600 was observed (data not shown). These data suggest that an elevated level of expression of mutant LtsA can result in a functional level similar to that of wild-type LtsA.
Mutational analysis of LtsA. To characterize LtsA Re further, conserved residues of LtsA Re were mutated by site-directed mutagenesis as described in Materials and Methods. Similar levels of each mutant protein were observed in ltsA disruptant cells by Western blot analysis (Fig. 6B) . The primary structure of LtsA Re indicates that it belongs to the Ntn-glutamine amidotransferases (37), meaning that it has an N-terminal glutaminase domain followed by a synthetase domain (Fig. 2A) . Cys-2 is essential for catalysis of glutaminase activity by Ntn-glutamine amidotransferases, and replacement of this residue with alanine or serine inactivates the enzyme (5) .
In order to determine the extent of lysozyme sensitivity more precisely, we cultured the cells in liquid media and monitored the OD 600 in the presence and absence of NH 4 Cl (100 mM). First, we confirmed that the cell density of ltsA disruptant cells carrying the empty pTip vector was drastically decreased after the addition of lysozyme, both in the presence and in the absence of NH 4 Cl (Fig. 6A) . Next, we assayed the same mutant strain containing pTip-ltsA WT as a positive control. In this case, the addition of lysozyme did not affect the growth either in the presence or in the absence of NH 4 Cl (Fig. 6A, panel b) .
Next, we replaced Cys-2 of LtsA WT with either alanine or serine. In both cases the growth was drastically inhibited by the addition of lysozyme in the absence of NH 4 Cl, while the growth was only slightly inhibited and no decrease in the absorbance was observed in the presence of NH 4 Cl (Fig. 6A , panels c and d). These results indicated that the NH 3 molecule can be used in vivo as an amide donor in place of glutamine.
Residues Asp-278 and Asp-376 are located in the putative ATP-binding pocket of the synthetase domain. With ltsA disruptant cells expressing LtsA proteins with a mutation(s) in these residues, a decrease in the absorbance was observed both in the presence and in the absence of NH 4 Cl (Fig. 6A , panels e, f, and g). These results suggested that in the absence of the catalytic intermediate, resulting from activation of the amide acceptor from the cell wall with ATP, NH 3 cannot be transferred.
Next, we tried to examine the residues important for the recognition of substrate on the basis of the in vivo synthetase function. Based on a sequence comparison, the data suggested that Arg-387 of AS-B Ec , which is the residue involved in the recognition of aspartic acid, corresponds to Lys-494 of LtsA Re (Fig. 2B) . To examine the importance of this residue, we constructed two mutants, in which the lysine was replaced by alanine or arginine. The arginine mutant was not affected by the addition of lysozyme even in the absence of NH 4 Cl (Fig.  6A, panel i) , while the alanine mutant was dramatically affected in the absence of NH 4 Cl and was slightly affected in the presence of NH 4 Cl (Fig. 6A, panel h) . These results suggested that Lys-494 is an amino acid residue that is critically involved in substrate recognition and that the positive charge of this residue is important for the synthetase activity of LtsA.
DISCUSSION
In this report, we describe the isolation of lysozyme-sensitive mutants of R. erythropolis, the identification of ltsA as the gene responsible for the phenotype, and characterization of the gene product, LtsA, as a member of the glutamine amidotransferase family, which amidates an unidentified component of the R. erythropolis cell wall. Although ltsA is homologous to asnB, it was shown not to function as an asparagine synthetase (10) . We cloned several homologues of ltsA from members of closely related genera and analyzed complementation of the lysozyme-sensitive phenotype of the R. erythropolis ltsA disruptant. We found that ltsA from C. glutamicum, M. tuberculosis, and B. subtilis could complement the phenotype, whereas ltsA from S. coelicolor and asnB from E. coli did not complement the phenotype. These observations were in accordance with the phylogenetic tree described by Min and coworkers (24) , in which they compared LtsA/AS-B homologues from We detected the glutaminase activity in vitro and assayed the synthetase activity using NH 4 Cl in vivo. Functional analysis of LtsA indicated that it may be composed of three distinct but linked functions, namely, glutaminase, synthetase, and a connecting tunnel between these two functional domains, as found in the structure of AS-B (17) . Although it is not clear whether wild-type LtsA can directly utilize NH 3 in vivo, our data obtained with site-directed mutants suggest that this is the case. An experimental system may be required to assay the synthetase activity of LtsA in vitro and to investigate whether LtsA has an NH 3 -dependent synthetase activity.
The mutated residue of L-88 was in the glutaminase domain and was conserved among homologous proteins, but the importance of this residue has not been reported. On the other hand, the mutation of L-65 was in the synthetase domain, but it resulted in reduced glutaminase activity, which was compensated for by the addition of NH 4 Cl. The molecular reasons for the importance of this residue may be revealed by a crystallographic analysis of LtsA. Alternatively, this mutant may be defective in the connection between the glutaminase and synthetase domains, resulting in inefficient coupling.
In this study, we characterized the synthetase activity of LtsA Re by mutational analysis and examined important residues for substrate recognition. We showed that the LtsA K494A mutant was sensitive to lysozyme but was rather moderately affected compared with the null mutant. Since the LtsA K494A mutant turned out to be lysozyme resistant in the presence of NH 4 Cl, we suggest that the LtsA K494A mutant is defective in the synthetase activity; i.e., the positive charge of LtsA K494A is important for substrate recognition.
TEM analysis suggested that there is no apparent change in the appearance of the outer layers of the cell wall of the lysozyme-sensitive mutants, which could explain the lysozyme sensitivity. Moreover, our studies with isoniazid and ethambutol suggested that the mycolate-containing cell wall structure does not cause the lysozyme sensitivity of R. erythropolis LtsA mutants. However, the addition of cell wall components solubilized by lysozyme enhanced the glutaminase activity. This strongly suggests that LtsA is involved in the biosynthesis of the cell wall. The cell wall components solubilized by our procedure are mainly peptidoglycan fragments containing disaccharide polypeptides. Since peptidoglycan precursors have carboxyl groups in meso-diaminopimelic acid and D-glutamic acid, which are amidated to some extent in R. erythropolis peptidoglycan (8, 30) , these molecules might be a substrate of LtsA. The peptidoglycan of E. coli is the same type as that of R. erythropolis; it contains meso-diaminopimelic acid and Dglutamic acid (8, 30) , and cell wall extracts of E. coli prepared by the procedure described here for R. erythropolis also enhanced the gultaminase activity of LtsA Re (unpublished data). This might be one reason for the morphological defects and aggregation observed for E. coli cells producing recombinant LtsA Re . In order to characterize the LtsA enzyme further, the natural substrate present in the cell wall lysate must be identified.
